Introduction
Currently, the plates, screws, and Kirschner wires used in internal fixation implants are commonly made using stainless steel, titanium, and cobalt alloys. These components have been widely used in orthopedic and trauma surgery because of their mechanical properties and stability. [1] [2] [3] However, there are significant differences between the structure and properties of metal implants and those of bone tissue. Metal implants have many disadvantages such as erosion, allogenic response, bone atrophy,
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Dai et al MRI interference, and requirements for removal surgery. [4] [5] [6] [7] Using a bioabsorbable implant is one approach to eliminate the need for implant removal after fracture fixation. The ideal bioabsorbable implants can be completely resorbed after surgery. Therefore, secondary surgery to remove implants and long-term interference with the growing skeleton can be prevented. In addition, the risk of implant-associated stress shielding, peri-implant osteoporosis, and infections is reduced. Furthermore, bioabsorbable implants do not interfere with clinical imaging. 8 Bioabsorbable fixation devices could potentially eliminate these drawbacks associated with metal implants.
The ideal bioabsorbable implant should provide a solid anchorage during the early stages of treatment, followed by a slow biodegradation with substitution by host tissue, and not evoke an immunological or inflammatory response. [9] [10] [11] Absorbable and bioactive implants have attracted major interest and have been used in increasing numbers as an alternative method to metal implants in the orthopedic field during the past decade. To date, many studies have reported the experimental and clinical application of bioabsorbable implants, such as those containing polyglycolic acid, polyl-lactic acid and their copolymers in orthopedic and oral maxillofacial surgery. [12] [13] [14] [15] [16] [17] [18] [19] However, most of them exhibit two main disadvantages. They include relatively low mechanical strength, which can cause intra-and postoperative screw breakage and screw migration, and the complications, including the foreign body reactions, granuloma formation, and allergic reactions induced by degradation products.
To address these issues, a nano-calcium-deficient hydroxyapatite/poly-amino acid (n-CDHA/PAA) composite was designed in the current laboratory and produced through in situ polymerization. Previous studies have shown that n-CDHA/PAA has good biocompatibility, biodegradability, and biomechanics both in vitro and in vivo. [20] [21] [22] It was confirmed that the compressive strength of the n-CDHA/ PAA composites ranges from 88 to129 MPa, which is close to that of natural cortical bone tissue (approximately . 23 This may make it difficult to use n-CDHA/ PAA to maintain the stability of strong diaphyseal fractures, such as those of the femoral shaft or humeral shaft, but may mean that the composites are suitable for non-weight-bearing fractures or low-weight-bearing fractures, such as distal upper limb fractures or some intraarticular fractures. Therefore, in the current study, n-CDHA/PAA composites were fabricated into internal fixation screws, and their internal fixation effect was verified in an intraarticular fracture animal model.
Materials and methods Materials
The ϕ 3.5× (20) (21) (22) mm n-CDHA/PAA screws were provided by Sichuan International Nano Co., Ltd. (Sichuan, People's Republic of China), and the ϕ 3.5× (20) (21) (22) mm stainlesssteel screws were purchased from the Wuhan DegeBaier Co., Ltd. (Wuhan, People's Republic of China; Figure 1 ). The n-CDHA/PAA composites were typically prepared by in situ polymerization. 24 In brief, the PAA and n-CDHA slurry were added to a three-necked flask with continuous stirring. The reaction system was heated using an oil bath. The mixture was heated to 200°C for approximately 2 hours until the water was fully evaporated and the mixture was melted. The system was then kept at 21°C for 2 hours and then at 220°C for 1 hour. After cooling to room temperature, the target composites were obtained. The reaction system 
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Evaluation the internal fixation effect of n-CDHA/PAA screw was protected by a continuous flow of nitrogen gas to avoid undesirable oxidation reactions. The n-CDHA mass fraction of n-CDHA/PAA was 30 wt%, and the PAA contains six kinds of amino acids: 6-aminocaproic acid, glycine, l-alanine, l-phenylalanine, l-proline, and l-lysine. 20 All engineered implants were sterilized using the ethylene oxide (EO). The parameters of EO were as follows: sterilization temperature, 56°C; humidity, 40%-60%; EO concentration, 600 mg/L; and sterilization time: 3 hours.
experimental animals and groups
Thirty-five mature New Zealand White rabbits, provided by the Laboratory Animal Center, Chongqing Medical University (Chongqing, People's Republic of China), with a mean weight 2.5±0.5 kg were used in this study. Thirty animals were randomly divided into the n-CDHA/PAA screw experimental group and the metal screw control group equally. The other five animals were only used to test the in vivo degradation and X-ray diffraction (XRD) analysis of the n-CDHA/PAA screws. Each group was further divided into three subgroups based on the time of analysis of 4, 8, or 12 weeks.
Animals were euthanized after embolism at the specified time points. All animal experiments were approved by the Animal Experimental Committee of Chongqing Medical University (IACUC Number 2016-059), and all procedures were performed in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals.
All the rabbits were raised in standard single cages with appropriate bedding, constant temperature (21°C±1°C), and fed ad libitum. They were anesthetized using 3% sodium pentobarbital (1 mL/kg) intravenously via the ear margin. The animals were fixed in a supine position. All skin preparation, disinfection, draping, and surgical procedures were strictly in accordance with the principle of aseptic surgery. 25 A conventional 5 cm longitudinal lateral patellar incision was made, followed by separation of the subcutaneous tissue, fascia, and muscle to expose the patella. The patella was dislocated to expose the femoral condyle. Then, an intercondylar fracture of the femur was created using a blade saw (Figure 2A) . After temporary reduction, one hole was drilled outward from the lateral side to the contralateral cortex using a 2.5 mm diameter drill. The experimental group was fixed using n-CDHA/PAA screws, and the control group was fixed on the opposite side using metal screws ( Figure 2B and C), followed by suturing and topical skin closure, disinfection, and application of erythromycin ointment to the incisions. Each animal received intramuscular injection of penicillin (2,00,000 units daily) for the first 3 days after the surgery.
All animals with fractures were monitored daily postoperatively for signs of abnormal mental behavior, significant limping, incision infection, food intake, and screw exposure.
Additionally, the fixed fractures were visually assessed at 4, 8, and 12 weeks after surgery.
Radiological analysis after surgery
X-ray scanning was performed to evaluate fracture healing at 4, 8, and 12 weeks after surgery. The X-ray parameters included 52 kV voltage, a course of 1 second, current of 100 mA, and a distance between the ball tube and sample of 80 cm. The Lane-Sandhu scoring system was applied for radiographic outcomes and bone healing in the two groups. 26 Radiographic scores were compared between the two groups. All radiographic results were evaluated in randomized and double-blind conditions. 
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Dai et al range of motion of the knee joint Range of motion (or ROM) is the linear or angular distance that a moving object may normally travel while properly attached to another. It is also called range of travel, particularly when talking about mechanical devices and in mechanical engineering fields. The ROM of the knee joint was measured at the predetermined time points. A specific method has been previously reported. 27, 28 Briefly, three points, including the proximal femur, distal tibia, and lateral femoral condyle, were assessed using a plastic goniometer to measure the knee joint angle. The lateral femoral condyle was the central fulcrum of the goniometer. The arms of the goniometer were aligned with the proximal femur and distal tibia. All angles were measured relative to the neutral 0° axis during extension of the femur shaft. Each animal was measured blindly three times at each time point and the average value was calculated.
arthroscopic assessment
An arthroscopic assessment was performed at 4, 8, and 12 weeks after surgery. The results were evaluated using the adjusted Oswestry Arthroscopy Score (OAS) system, which has been validated for qualitative repair assessment in humans, and is based on the arthroscopic visualization of hyaline articular cartilage. 29, 30 This score ranges from 0 to 10 points (Table 1) , with higher values indicating a better quality of fracture healing. The observer visually assessed the fracture gap level with the surrounding cartilage (0-2), integration of fracture gap level with the surrounding cartilage (0-2), stiffness in the fracture gap (0-2), the appearance of the articular surface (0-2), and the color of the articular surface (0-2). 30 The blinded measurements were performed three times at each time point, and the average value was calculated.
Axial push-out strength test
The rabbits were sacrificed at 4, 8, and 12 weeks after surgery. The distal femoral condyles were harvested after the surrounding soft tissues were dissected. The axial push-out strength of the screws was tested using a QJ212C electronic universal testing machine (Shanghai QingJi Instrument Co., Ltd, Shanghai, People's Republic of China; Figure 3 ). The harvested distal femoral condyle was embedded in methyl methacrylate cement ( Figure 3B ), aligning the long axis of the screw with the true axial pushout, and clamped in the testing machine. The cement was placed in two clamped metal holders ( Figure 3C ) and the head of screw clamped vertically. The cement block remained static while the screw was pushed out by a push bin ( Figure 3A ) at a speed of 0.1 mm/second using an axial tensile testing mode. The load value was recorded when the implant began to loosen. 
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The standard for determining screw loosening was that the screw displacement increases but the loading strength does not increase. 31 Each group was tested at least three times.
In vivo degradation of the n-CDHA/PAA screws
The weight loss rate of the n-CDHA/PAA screw was evaluated at 4, 8, and 12 weeks after surgery. The n-CDHA/PAA screws were withdrawn after removing the adhered tissues, and then were ultrasonically rinsed with 180 g/L chromic acid and 10 g/L AgNO 3 solution followed by distilled water and dried under vacuum at 30°C for 24 hours. The samples were weighed, and the weight loss rate was calculated. 32, 33 Five samples from each were tested. The weight loss rate (WLR) was calculated as follows:
where M 0 is the original weight (g) and M 1 is the weight after implantation. XRD was performed to analyze possible changes in the crystal structure of the n-CDHA/PAA screw surface at 12 weeks after surgery, including its inside and outer surfaces.
Statistical analysis
Statistical analysis was performed using SPSS 19.0 (SPSS Inc., Chicago, IL, USA) statistical software. The measurement data are presented as mean±standard deviation (SD).
The data were analyzed separately in accordance with the time point and experimental/control group using one-way ANOVA with post hoc Tukey's tests. Also t-tests were carried out in the scoring system results to determine differences between the two material groups at each time point. P,0.05 was considered to indicate statistical significance.
Results
general observation
All the animals showed no obvious mental abnormalities, loss of appetite, incision infection, or screw exposure after surgery. Lameness was found in both groups at 4 weeks after surgery, but this gradually disappeared by 12 weeks after surgery. The collected distal femoral condyles, embraced metal or n-CDHA/PAA screws, showed no obvious inflammatory reactions, such as swelling or fluid accumulation, necrosis, and osteolysis, and no bleaching of the material was observed in the peripheral bone tissues at all time points after surgery. The fracture line was still observed, but there was an obvious bony connection in both groups at 4 weeks after surgery. A distinct thin layer of new bone tissue could be found in the fracture gaps of all animals at 8 weeks after surgery. The screw caps of the n-CDHA/PAA group were covered by a layer of new bone tissue at 12 weeks after surgery, but only fibrous tissue was observed in the control group ( Figure 4A-F) .
Radiological analysis after surgery
The results of X-ray scanning of the knee joint are shown in Figure 5A -C. There were similar results at all time points 
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Dai et al in both groups. At 4 weeks after surgery, the X-ray scanning showed that there was a significant callus growth in both groups. The fracture lines became blurred, and the fracture gap did not widen. The fracture line gradually disappeared by 8 weeks after surgery, and the fracture had healed completely by 12 weeks after surgery. During the whole experimental period, no screw breakage and loosening were observed, and no obvious bone destruction or bone mineral density abnormalities were observed in the surrounding bone tissue. According to the Lane-Sandhu scores, no statistically significant difference (P.0.05) was found between the two groups ( Figure 6 ). The results of X-ray scanning were consistent with those of the Lane-Sandhu score.
rOM of the knee joint
The ROM can reflect the functional recovery of the knee joint. The results of the ROM test are presented in Figure 7 . The ROM in both groups gradually increased after surgery.
The mean values of the experimental and control groups were 51.55°±3.30° and 50.38°±3.31°, respectively, at 4 weeks after surgery, probably because of lack of functional exercise and early joint adhesion. However, a significant recovery in ROM was found at 12 weeks after surgery, and it was 122.05°±5.24° and 121.98°±5.08° for the experimental and control groups, respectively. There was no significant difference (P.0.05) between the two groups at the different time points, but the ROM results observed in the study are lower than the normal ROM of a rabbit. 34 
arthroscopic assessment
The semiquantitative OAS results, reflecting a macroscopic assessment of harvested distal femoral condyles, are shown in Table 2 , and there was a similar result in the two groups. Compared with the n-CDHA/PAA group, the fracture gap level with surrounding cartilage and the integration of the fracture gap level with surrounding cartilage were slightly better in the control group, but the color and appearance of the articular surface in the n-CDHA/PAA group were better than those of the metal screw group. This suggested that the n-CDHA/PAA screws might have better biocompatibility than the metal screws.
Axial push-out test
The results of the push-out strength test are shown in Figure 8 . At 4 weeks after surgery, the push-out strength of the n-CDHA/PAA screw was 231±19.48 N, and that of the metal screw was 272.0±8.6 N. There was a statistically significant difference (P,0.01) between the two groups. At 8 and 12 weeks after surgery, the push-out strength of the 
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In vivo degradation Figure 9 shows the weight loss of the n-CDHA/PAA screw. There was a reduction of approximately 5.0% in weight for the n-CDHA/PAA screw at 4 weeks after surgery, and 16% remained at 12 weeks after surgery. The XRD analysis before and after implantation of the n-CDHA/PAA screw is shown in Figure 10 . The characteristic peak of the outer surface of n-CDHA component at 2θ=20° before implantation was lower than that after implantation. Compared with outer surface results, the characteristic peaks of the internal cross-section of the n-CDHA and PAA components were unchanged before and after surgery.
°
Figure 7
The range of motion of knee joints in the control and experimental groups. Note: *P.0.05, compared with control group (n=5).
Figure 6
The Lane-Sandhu scores in the control and experimental groups. Note: *P.0.05, compared with control group (n=5).
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Discussion
Intraarticular fractures are one of the most common clinical fractures. These fractures can damage the articular cartilage and the integrity of the articular surface, and so even simple fractures often require surgical fixation to reduce the disability rate after injury. Strong internal fixation of osteochondral fragments contributes to early recovery of joint activity and acceptance of physiotherapy to avoid joint adhesion and reduce the incidence of posttraumatic arthritis. For simple intraarticular fractures, metal screws are often used clinically, rather than screw-plate systems. 35 Metal screws demonstrate biological inertia and high strength. Their biological inertia can reduce their stimulation after implantation in vivo, and the high strength ensures a stable fixation. However, metal screws are prone to breakage after long-term implantation because of their fatigability, and the biological inertia easily leads to screw withdrawal because of the non-bony connection with the surrounding bone tissue. Furthermore, the destruction of surrounding bone tissue or intraarticular infection caused by the prolonged and slow release of metal ions has also been reported in some clinical cases. 36, 37 Therefore, in view of the characteristics of n-CDHA/PAA composites, we used them to make biomimetic screws, and explored their potential feasibility for the internal fixation of simple intraarticular fractures.
Good biocompatibility is one of the basic requirements for clinical application of a biomaterial. It has been regulated by different set of rules globally such as the Food and Drug Administration and the International Standards Organization (ISO). [37] [38] [39] To evaluate the biocompatibility of self-made n-CDHA/PAA composites, we performed the relative in vitro and in vivo tests, in accordance with the ISO10993-1 standards before the current study. The results showed that the novel n-CDHA/PAA composite can promote MG-63 osteoblast-like cell adhesion and proliferation in vitro and it does not cause significant inflammation after implantation 
Abbreviation: OAS, Oswestry Arthroscopy Score. 
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Evaluation the internal fixation effect of n-CDHA/PAA screw in vivo. 20, 21 In the current study, a visual assessment and arthroscopic and X-ray observations performed after surgery indicated that there was no obvious inflammation or other unexpected pathological changes in the experimental group. The results of the current study are consistent with those of our previous research. Additionally, previous studies have shown that n-CDHA and PAA have good biocompatibility, individually. [40] [41] [42] XRD and Fourier infrared also showed that the respective original crystalline status and physical and chemical properties of n-CDHA and PAA components in the n-CDHA/PAA composites did not change. 20 Therefore, considering the results of present and previous studies, we believe that the n-CDHA/PAA composite screws have good biocompatibility.
Biodegradability is one of the main advantages of absorbable materials. The degradation of polymeric biomaterials usually includes bulk degradation and surface erosion degradation. Surface erosion degradation refers to the hydrolysis of the side chain or the splitting of the crosslink point to produce a soluble polymer. It occurs on the surface of the material, while the internal structure of the material remains essentially unchanged. Importantly, surface erosion degradation can be conducive to maintaining a good mechanical retention rate during the bone tissue healing. Duan et al reported that n-CDHA/PAA composites are degradable and investigated a surface erosion degradation model as part of an in vitro degradability experiment. 43 In the current study, the XRD results showed that the characteristic peak of the outer surface of n-CDHA component at 2θ=20° decreased after surgery, but the characteristic peaks of the internal cross-section of the n-CDHA and PAA components were unchanged before and after surgery. This implied that the n-CDHA/PAA screws could be degraded by surface erosion.
In the current study, the weight loss rate of the n-CDHA/ PAA screws in vivo was approximately16% at 12 weeks after surgery, which is different compared with that reported in vitro. 20 Many previous studies have also reported a difference between the in vivo and in vitro degradation rates of biomaterials, which results from significant environmental differences between in vitro and in vivo conditions. [44] [45] [46] Our previous experiments demonstrated that n-CDHA/PAA composites become wrapped in fibrous tissue during the process of muscle implantation, while wrapped in fibrous tissue Figure 9 The weight loss of n-CDHA/PAA screw in vivo (n=5). Abbreviation: n-CDHA/PAA, nano-calcium-deficient hydroxyapatite/poly-amino acid. Figure 10 The result of XRD of n-CDHA/PAA screw. Notes: (A) The outer surface of n-CDHA/PAA before implantation; (B) The internal cross-section of n-CDHA/PAA after implantation; (C) The outer surface of n-CDHA/PAA after implantation. Abbreviations: n-CDHA/PAA, nano-calcium-deficient hydroxyapatite/poly-amino acid; XRD, X-ray diffraction.
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Dai et al at the early stage and covered by new bone tissue at the later stage during the process of bone implantation. 21 This indicates that the composites could have different biochemical reactions at different sites of implantation because of different physical and chemical environments in different tissues. Furthermore, we speculate that when the composites become wrapped in tissue after implantation, their contact area with bodily fluids would be decreased, which inevitably would affect the enzymolysis and hydrolysis occurring on and in the implants. These factors might explain why the degradation rates of n-CDHA/PAA composites in vivo and in vitro are completely different. However, the specific mechanism still requires further study.
For internal fixation screws, the strength of stable fixation should be maintained at least until clinical healing of the fracture. [47] [48] [49] Apart from factors that arise during surgery and quality of bone, the internal fixation failure of rigid metal screws is mainly caused by insufficient holding power. The holding power and push-out or pull-out strength represent the maximum recorded tensile strength that is required to pull the screws out of the bone or cause screw failure. 50 In the current study, the push-out strength of the n-CDHA/PAA screws was significantly lower than that of the metal screws at 4 weeks after surgery, but as time progressed, there was no significant difference in the push-out strength between the two groups. Although the push-out strength data of the n-CDHA/PAA screws at 4 weeks after surgery were not satisfactory, the other results, including the general observation and X-ray scanning results, confirmed that the n-CDHA/ PAA screws suffered no breakage, loosening, or fragment displacement during the whole experimental period. These results show that the strength of the n-CDHA/PAA screws is suitable for the fixation of simple femoral intercondylar fractures. Our previous report of an n-CDHA/PAA bone implantation test showed that bone-bonding was achieved between the n-CDHA/PAA composite and the surrounding bone tissue. 21 It can be inferred that the strength of bonebonding between the n-CDHA/PAA and bone is weaker than the mechanical bonding between a metal screw and bone tissue in the early stages after surgery. Future research should focus on improving the mechanical bonding strength between nonmetallic screws and bone tissue in the early stages after surgery. Previously reported studies have shown that the performance of screws during bone fixation is affected by different parameters such as thread depth, length, shape, and surface finish. The mechanical properties of screw materials, and the flexural and push-out properties of composite screws can vary with the thread and width of a screw. 7, 31, 51, 52 Therefore, adjusting the physical form of composite screws could be a potential and effective method for improving early fixation strength of such nonmetallic screws.
Postoperative functional outcomes are an important criterion in evaluating fracture treatments. Postsurgical inflammation, soft tissue edema, wound healing, joint adhesion, and contracture represent some of the most challenging issues in ensuring an early recovery after intraarticular surgery. 53, 54 A good postoperative situation usually forebodes satisfactory functional outcomes. ROM and arthroscopic assessment have been recognized as important outcome measures and major components of joint-specific scoring systems after knee joint operations. 29, 55 In the current study, the experimental group displayed similar results to the control group in terms of ROM, and an arthroscopic assessment also revealed that the articular surfaces in the two groups were in a good condition after surgery. The evaluation of ROM and OAS results for knee joint function was cautious and objective in the current study, but it is also important to account for the perception of patients of their treatment outcomes, which includes the absence of pain and a return to daily activities, with the knowledge that these factors can adversely affect the success of postoperative functional recovery and therefore the overall clinical results. 56, 57 Excessive and continuous pain would obviously affect mental behavior, food intake, and joint function. 58, 59 In the current study, the rabbits did not show abnormal mental behavior or loss of appetite in both groups. This indirectly indicates that the n-CDHA/PAA screws did not cause additional and excessive pain compared with the metal screws, and this would contribute to the recovery of postoperative function. Unfortunately, unlike in clinical human trials, we cannot directly comment on these crucial patient perceptions in animal experiments.
In summary, compared with medical metal screws, absorbable n-CDHA/PAA biological screws can avoid the stress shielding effect, screw withdrawal, screw breakage, and magnetic resonance interference during long-term implantation. In addition, they can avoid the removal of an internal fixator. Therefore, they can also avoid the economic costs and surgical risks associated with secondary surgery, such as infection, pain, joint adhesion, and anesthesia risks.
Conclusion
In the current study, the internal fixation effect of novel self-made n-CDHA/PAA screws was evaluated through an experimental femoral intercondylar fracture model in animals. The results indicate that the novel n-CDHA/PAA screws have good biocompatibility, biodegradability, and 
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Evaluation the internal fixation effect of n-CDHA/PAA screw the internal fixation effect is similar to that of medical metal screws. Within 3 months after surgery, bone-bonding between the n-CDHA/PAA screw and bone tissue was gradually achieved. The surface erosion degradation of the n-CDHA/PAA screw was confirmed by XRD. The n-CDHA/ PAA screw has the potential to be used as an internal fixation device for intraarticular fractures. However, its long-term biocompatibility, biodegradation, and biomechanics in vivo require further investigation.
